While the physiological effects of contractile (e.g. norepinephrine) and relaxatory (e.g. PGE1, forskolin) agents on corpus cavernosum smooth muscle tone have been characterized, the regulation of alpha adrenergic receptor mRNA expression in erectile tissue remains to be investigated. The goal of this study was to investigate the modulation of alpha-1 and alpha-2 adrenergic receptor mRNA expression in cultured human corpus cavernosum smooth muscle cells in response to increased intracellular cAMP induced by prostaglandin E1 and forskolin.
Introduction
Penile erectile function is regulated locally by neurotransmitters and vasoactive agents, which modulate the tone of arterial and trabecular smooth muscle. The balance between contractile and relaxatory neurotransmitters and vasoactive agents regulates the contractility of the corpus cavernosum smooth muscle and hence penile erection. Norepinephrine, released from the adrenergic nerves, modulates penile detumescence through interaction with post-junctional alpha-1 and alpha-2 adrenergic receptors localized on corpus cavernosum trabecular smooth muscle and smooth muscle of the penile arteries. The importance of the alpha adrenergic neuro-effector system in penile erection has been recognized (for review see refs 1±3). Evidence from in vitro and in vivo studies have indicated that adrenergic nerves innervate the corpus cavernosum and release norepinephrine, the major source of physiologically active neurotransmitter.
Relaxation of trabecular corpus cavernosum smooth muscle occurs via interactions of vasodilators with speci®c receptors or enzymes in the trabecular smooth muscle which increases the intracellular second messengers cAMP and cGMP. The latter second messengers in turn regulate intracellular calcium and the actin-myosin contractile apparatus. 1,2 These second messengers, in addition, may regulate mRNA expression of different genes in the smooth muscle cell. 4, 5 While functional physiological modulation of alpha adrenergic receptors in smooth muscle contractility by vasoactive agents has been extensively studied, the regulation of mRNA expression of postjunctional alpha adrenergic receptors has yet to be investigated in erectile tissue. This hypothesis is of interest to the clinician because of the developing literature that erections are good for erections'. 6 In this sense, erections lead to increased oxygenation of the corpus cavernosum and increased production of prostaglandin E, VIP, CGRP and intracellular cAMP. Erections, therefore, may modulate the mRNA expression in the corpus cavernosum, tilting the functional balance between contractile and relaxatory pathways towards enhanced relaxation. The corollary of this hypothesis would predict that the absence of erections tilts the functional balance towards increased adrenergic tone and contraction. 7±9 We have previously identi®ed alpha-1 10 and alpha-2 adrenergic receptor subtypes 11 by RNase protection, receptor binding assays and agonistinduced contractility in human corpus cavernosum smooth muscle. We have demonstrated that corpus cavernosum contractility to norepinephrine or phenylephrine is dependent on the contributions of more than one alpha-1 adrenergic receptor subtype. 12 We have further shown that physiologically functional, post-junctional alpha-2 adrenergic receptors are expressed in human and rabbit corpus cavernosum. 11, 13 Exogenous prostaglandin E1 (PGE1) and forskolin (FSK) have been shown to increase intracellular cAMP and potentiate trabecular smooth muscle relaxation. 14±16 In this study, we have examined the hypothesis that PGE1 or forskolin-induced increases in intracellular cAMP modulates the expression of alpha-1 and alpha-2 adrenergic receptor mRNAs in human corpus cavernosum smooth muscle.
Materials and methods
Prostaglandin E1 was purchased from Cayman Chemical Co. (Ann Arbor, MI). Forskolin was purchased from Research Biochemical Incorporated (Natick, MA). All reagents utilized in this research were of analytical grade obtained from commercial sources.
Human corpus cavernosum smooth muscle cells were cultured as previously reported. 17 Cells were seeded onto six-well clusters (35 mm, CostaraCorning, Cambridge, MA) for cAMP determinations or into 75 cm 2 vent-capped¯asks for RNA preparation. Cells were fed Dulbecco's minimal essential media (DMEM) containing 1000 mg glucoseal (Life Sciences, Grand Island, NY) and supplemented with 10% fetal calf serum (Summit Biotechnology, Greene, CO), 25 unitsaml penicillin, 250 unitsaml streptomycin, 25 unitsaml nystatin, and 2mM glutamine (Life Sciences, Grand Island, NY). Smooth muscle cells were grown to con¯uence and refed with the same media 24 h before experimentation. Cells were incubated for 24 h with or without PGE1 (5.7 mM), forskolin (10 mM) or an admixture of both.
Total RNA was prepared by homogenization of cells in guanidinium isothiocyanate followed by phenolachloroform extraction and isopropanol precipitation. 18 RNA was redissolved in 10 mM Tris-HCI, 1 mM EDTA pH 7.4 and precipitated by 0.5M ammonium acetate, dried and used immediately for RNase protection assays.
The plasmids used for detection of human alpha1d 10 and alpha-2a 11 adrenergic receptors have been previously reported. The construct for detection of human m2 muscarinic acetylcholine receptor was prepared by subcloning a 374bp PvullaBamHI DNA fragment from nucleotides 534±906 of the human m2 muscarinic acetylcholine receptor 19 into SmalaBamHI digested pGEM3zf(-) (Promega, Madison, WI). Plasmids were digested with the appropriate restriction endonucleases (see Table 1 ), transcribed with either T7 RNA polymerase or SP6 RNA polymerase (Ambion, Austin, TX) in the presence of [ 32 P]CTP (800 Ciammol, New England Nuclear, Boston, MA) and unlabeled nucleotides to prepare antisense RNA or in the presence of nonradioactive nucleotides to prepare sense RNA.
RNase protection assays were carried out using a commercially available RNase assay kit (RPAII; Ambion, Austin, TX). Hybridization was carried out for 18 h at 65 C for alpha-1d adrenergic receptor 10 and at 45 C for alpha-2A adrenergic receptor, 11 and m2 mAChR 20 as described previously. Cyclophilin A (Ambion, Austin, TX) was included in the RNase protection hybridizations as a loading marker to normalize RNA loading. The hybridization products were digested with RNaseAaT1 for 90 min at 37 C. After inactivation of RNase and precipitation of the protected fragments, samples were dissolved and analyzed by gel electrophoresis on 5% urea-polyacrylamide denaturing gels (40 cm). The gel was dried, and subjected to autoradiography. RNA Century markers (Ambion) were radiolabeled according to the manufacturer's instructions and used as molecular weight standards. Autoradiograms were quantitated by scanning densitometry, normalizing for loading to the housekeeping gene cyclophilin A.
Radioimmunoassays for cAMP were carried out as previously described, 15 using commercial radioimmunoassay kits (Biomedical Technologies, Stoughton, MA).
Results
Effects of forskolin and PGE1 on alpha-1d adrenergic receptor mRNA Incubation of human corpus cavernosum smooth muscle cells with 5.7 mM PGE1 for 24h resulted in a reduced level of a 375bp RNase-protected fragment representing mRNA for alpha-1d adrenergic receptor compared to untreated cells (Figure 1) . Treatment of cells with 10 mM forskolin produced decreased levels of alpha 1d adrenergic receptor mRNA. When cells were incubated with PGE1 and forskolin, a marked decrease in alpha-1d adrenergic receptor mRNA was observed (Figure 1) .
Effects of forskolin and PGE1 on alpha-2a adrenergic receptor mRNA levels Incubation of human corpus cavernosum smooth muscle cells with 5.7 mM PGE1 for 24h resulted in decreased levels of a 185bp RNase-protected fragment representing mRNA for alpha-2a adrenergic receptor as compared to untreated cells (Figure 2 ). Cells treated with 10 mM forskolin also showed decreased levels of alpha 2a adrenergic receptor mRNA. When cells were incubated with PGE 1 and forskolin, a pronounced decrease in the 185bp Effects of forskolin and PGE1 on m2 muscarinic acetylcholine receptor mRNA levels.
Incubation of human corpus cavernosum smooth muscle cells with either 5.7 mM PGE1 or 10 mM forskolin for 24h resulted in reduced levels of a 374bp RNase protected fragment representing mRNA of the m2 muscarinic acetylcholine receptor (Figure 3) . The combination of PGE1 and forskolin resulted in a marked reduction of m2 mAChR mRNA as compared to untreated cells (Figure 3) .
Effects of forskolin and PGE1 on cAMP levels in cultured human corpus cavernosum smooth muscle cells Treatment of human corpus cavernosum smooth muscle cells with PGE1, forskolin or a combination of both agents produced signi®cant increases in intracellular cAMP levels (Figure 4) . The synergistic effects of forskolin and PGE1 on the synthesis of cAMP was noted from the dramatic increases in 
Discussion
Trabecular smooth muscle tone is integral to the processes of erection and¯accidity in the penis. 1,2 During these processes, neurotransmitters and vasoactive factors interact with their receptors, triggering a cascade of biochemical reactions mediated by second messengers with a net effect on myosin light chain phosphorylationadephosphorylation and regulation of smooth muscle tone. 1,2,21 G-protein coupled receptors are thought to be regulated by various mechanisms which include receptor phosphorylation, internalization and turnover. 22, 23 Prostaglandin E1, forskolin and other vasoactive agents which increase intracellular cAMP, may regulate alpha-1 and alpha-2 adrenergic receptor expression at the mRNA level. The mechanism of cAMP regulation of gene expression is thought to be cAMP modulation of adrenergic receptor expression A Traish et al as follows. Cyclic AMP exerts its regulatory effects on gene expression in part by the phosphorylation of the cAMP responsive element binding protein. 24 This involves cAMP activation of protein kinase A (PKA), translocation of PKA to the nucleus and phosphorylation of nuclear targets, including cAMP responsive element binding protein. PKA can also activate the mitogen-activated protein kinase pathway in the cytosol which results in translocation of kinases to the nucleus and phosphorylation of other transcription factors. 25 While the mechanisms of cAMP-mediated trabecular smooth muscle relaxation have been investigated 1,2 an examination of the modulation of trabecular smooth muscle gene expression by cAMP is yet to be determined. In this study, we sought to investigate the effects of cAMP on alpha-1 and alpha-2 adrenergic receptor mRNA expression in penile trabecular smooth muscle cells in culture.
Our ®ndings suggest that PGE1, forskolin and the combination of both agents modulate mRNA expression of alpha-1d and alpha-2a adrenergic receptors in human corpus cavernosum smooth muscle cells, potentially via a cAMP-mediated pathway. This ®nding suggests that increased levels of intracellular cAMP, which has an immediate effect on trabecular smooth muscle tone, also has a secondary, long-term (24h) inhibitory effect on alpha adrenergic mRNA expression. Such an inhibition of alpha adrenergic receptor gene expression would act to tilt the functional balance of relaxation and contraction towards relaxation. In support of this ®nding, basal adrenergic tone has been reported to increase in aging men with erectile dysfunction. 7, 8 This experimental ®nding is further supported by the endogenous synthesis of PGE by the corpus cavernosum during penile erection. 6 The frequency and duration of nocturnal penile tumescence (1.5± 3 hasleep period) may provide a daily oxygenation and production of vasoactive factors which modulate expression of functional receptors in the corpus cavernosum. 26 Contrary to the ®ndings in this study, previous researchers have shown that cyclic AMP increases alpha-1B adrenergic receptor expression in rat thyroid, liver, and vascular smooth muscle cells. 27 Further, others have demonstrated increased expression of the alpha-2a adrenergic receptor in response to cAMP. 28, 29 The seemingly paradoxical ®nding in this study may be related to cell type speci®city andaor the unique physiology of the penis.
In summary, we have demonstrated that PGE1 and forskolin increase intracellular cAMP synthesis which (directly or indirectly) regulates the mRNA expression of the alpha-1d and alpha-2a adrenergic receptors and the m2 muscarinic acetylcholine receptor. This ®nding supports the concept that erections are good for erections'.
